Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central nervous system, predominantly affecting the white matter, but also the grey matter. Aim of this study was to detect MS lesions with double inversion recovery (DIR), fluid-attenuated inversion recovery (FLAIR) and T2-weighted magnetic resonance (MR) techniques and determine the sensitivity of these techniques, and the correlation between the number of lesions and expanded disability state scale (EDSS) scores. Thirty-four patients with MS (20 females and 14 males) were included in this study. DIR and conventional MR (T2-A, FLAIR) sequences were obtained. Lesions were counted and classified as belonging to one of seven anatomical regions: cortical, juxtacortical, deep grey matter, deep white matter, mixed white matter-grey matter, periventricular white matter and infratentorial. The correlation between lesion number and EDSS scores was investigated. DIR images showed more intracortical and mixed white matter-grey matter lesions in comparison with both FLAIR and T2 sequences (p=0, p=0 respectively). There was a significant difference between mean lesion numbers at the juxtacortical region, obtained with DIR and T2-weighted images (p = 0.002). The total number of lesions obtained with all methods was similar. DIR brain imaging had the highest sensitivity in the detection of cortical and mixed white matter -grey matter lesions, compared with FLAIR and T2 sequences. In addition, the lesions obtained with DIR images were more easily visualized.
Introduction
Multiple sclerosis (MS) is the most common chronic inflammatory demyelinating disease of the central nervous system, resulting in both physical and neurocognitive disability 1, 2 . MS typically affects the white matter, but recent clinical autopsy studies have also reported changes in the grey matter 3, 4 . Magnetic resonance imaging (MRI) has played a very important role in elucidating the pathophysiology, diagnosis and treatment of MS. T1-and T2-weighted conventional MRI images reveal islands of demyelinating plaques, more frequently found in white matter than grey matter. Autopsy studies have also demonstrated inflammatory and pathological changes in MS, which are not present in regions of demyelinating plaques but appear as islands in MRI sequences and are present almost throughout the brain, encompassing both the white and grey matter and appearing macroscopically normal. Thus, the inability to demonstrate such changes using conventional MRI sequences reflects the technical insufficiency of these classical techniques 1, [5] [6] [7] [8] [9] [10] . Conventional magnetic resonance imaging (MRI) does not show any histopathological characteristics apart from an association between specific T2-weighted images of hyperintense lesions (demyelinating plaques) and inflammation with gadolinium uptake. These considerations have necessitated the de-of classical MR techniques to detect grey matter lesions. Thus, the detection of grey matter lesions will play an important role in our understanding of both the physical and neurocognitive disability observed in MS patients 1, 5, [7] [8] [9] [10] .
We aimed to detect grey matter lesions not adequately observed using conventional MRI in patients with MS. If present, we sought to determine the relationship between these lesions and the expanded disability status scale (EDSS) scores.
Material and Methods
This study was approved by the ethics committee of our hospital, and informed consent was obtained from all participating patients. A total of 34 patients with relapsing-remitting multiple sclerosis (RRMS) were evaluated and treated in our clinic.
A detailed neurological examination of all patients was performed. Conventional cranial and cervical MRI and DIR images were obtained from patients with RRMS after a remission of three months, and their functional capacities were evaluated with the EDSS. The presence of a neurological disturbance, according to a subjective patient report or objective observation, of at least 24 hours in duration was considered a new attack. The patients were discharged after treatment of the attack, and follow-up evaluations were performed. Patients who did not exhibit a new attack within three months of follow-up (i.e., who were in remission for three months) were asked to return to the clinic, and a new MRI was performed and an EDSS score was determined.
All of the patients' MR sequences were obtained with a 1.5 T super-conductive magnet (Philips Achieva) with a standard head coil of 8-16 channels. Transverse T2-weighted (TR: 5291 ms; TE: 110 ms, matrix: 300×212, NEX: 2, slice thickness: 5 mm, section width: 1 mm; exposure time: 1.10 min) and FLAIR (TR: +1000 ms, TE: 120 mS, TI: 2000 ms, matrix: 264×149, NEX: 2, slice thickness: 5 mm, section width: 1 mm, exposure time: 1.30 min) sequences were obtained, according to the conventional MRI protocol. Three-dimensional DIR images were obtained with the following technical features: TR, +1000 ms; TE, 120 ms; TI, 2000 ms; matrix, 264×149; NEX, 2; slice thickness, 5 mm; section width, 1 mm; and exposure time, 1.30 min. Radiological evaluations of the obtained sequences were performed by two physicians, a velopment of new techniques to obtain a better understanding of MS pathophysiology. Such novel techniques include fluid-attenuated inversion recovery (FLAIR) and double inversion recovery (DIR). Although FLAIR has been used in a routine clinical setting, DIR is more frequently used in experimental studies, although it has recently started to enter clinical use.
The FLAIR sequence is a sequence that suppresses the signal of cerebrospinal fluid (CSF) with a reverse cycle (inversion recovery) pulse and a high time Echo (TE values increase) T2weight 11, 12 . This sequence increases the contrast of supratentorial lesions, in particular lesions that arise in juxtaposition to the CSF compared to the spin echo (SE) and turbo spin echo (TSE) 12 . However, some lesions appear in T2-weighted SE sequences, but not in FLAIR sequences, since their T2 relaxation times are different 13, 14 . The DIR sequence was developed by Redpath and Smith 15 . It differs from FLAIR in its utilization of a second inversion pulse. These images have hybrid features of FLAIR and a short time inversion recovery (STIR) 16 . Both the white and grey matter play a clear role in the physical and neurocognitive disability of MS patients. However, a sufficient correlation has not been demonstrated between conventional MRI findings and disability, which is mostly due to the inability to demonstrate all of the histopathological changes present in MS in vivo using classical MR images. In particular, lesions located at the junction of the grey matter-CSF, grey matter-white matter (juxtacortical areas) and white matter-CSF could not be visualized in conventional MR sequences because of the signal suppression of the grey matter by signals from both the white matter and CSF as well as the absence of sufficient contrast. Signals from the CSF are suppressed in FLAIR sequences so that lesions in the parenchymal areas, which are in juxtaposition to the CSF, become more prominent. However, this approach still cannot reveal lesions in the junction of the grey and white matter. In addition, signals from the white matter should be suppressed to detect these lesions. Because the DIR technique can better accomplish this suppression, it is thought that MS plaques located in the grey matter are more easily delineated using DIR 7, 8, [17] [18] [19] [20] . The disturbances in consciousness, cognitive and psychic changes and epileptic fits observed in MS patients in clinical practice cannot be explained by the changes in white matter observed in conventional MR sequences. This is most likely due to the inability one-way analysis of variance and the Kruskal Wallis test were used to compare variables with three or more groups. The Tukey test was used in multiple comparisons of variables, which were significant in the one-way analysis of variance. The Dunn test was used following the Kruskal Wallis test results. Repeated measurements were analyzed with an analysis of variance of dependent groups, and the Friedman test was used if p≤0.05, which was considered the statistical significance level.
Results
Thirty-four consecutive patients with RRMS were included in this study. There were 20 (58.8%) female and 14 (41.2%) male patients, with a mean age of 38 ± 20 years. The upper and lower age limits for the female and male patients were 18 to 49 years and 20 to 58 years, respectively. Spinal lesions were observed in 22 out of 34 MS patients (64.7%) (9 out of 14 male patients [64%] and 13 out of 20 female patients [65%]). Demographic, clinical and radiological characteristics and the EDSS scores of the MS patients are presented in Table 1. neuroradiologist and a neurologist, blinded for the clinical findings and paraclinical test results. All of the hyperintense signals observed in the T2, FLAIR and DIR images were considered lesions. In contrast, the hyperintense signals originating from the sinuses or major vessels or from signals extending as an extracortical strip were considered to artifacts and not lesions. The detected lesions were divided according to seven anatomical regions: cortical, juxtacortical, deep white matter, deep grey matter, mixed white matter-grey matter, periventricular white matter, and infratentorial regions. The lesion numbers according to the regions were determined. In addition, T2weighted spinal images of all patients were obtained. The evaluation of a spinal lesion was classified as "present" or "absent" and not as a lesion count.
The statistical analysis was performed with the Statistical Package for Social Sciences (SPSS) version 15.0 software. Two independent group t tests were performed on the data, according to parametric test pre-conditions. In addition, a Mann Whitney U-test was performed on the data, which did not meet with parametric test pre-conditions. An independent Table 2 . The mean number of lesions in the cortical region with DIR was significantly higher than the mean number of lesions detected with T2 and FLAIR (p = 0.00 and p = 0.00, respectively). The mean number of lesions detected with DIR in the juxtacortical region was significantly higher than the mean number of lesions detected with T2 (p = 0.002). The mean number of lesions detected in the deep white matter with T2 and FLAIR were higher than the mean number of lesions detected with DIR (p = 0.022 and p = 0.027, respectively). The mean number of lesions detected with DIR in the mixed white mattergrey matter was significantly higher than the mean number of lesions detected with T2 and FLAIR (p = 0.000 and p = 0.000, respectively). The mean number of lesions detected in the periventricular white matter with FLAIR was significantly higher than the mean number of lesions detected with DIR (p = 0.000). The mean number of lesions detected by T2 in the infratentorial region was significantly higher than the mean number of lesions detected with DIR (p = 0.001). There was no significant difference between the mean number of lesions detected in the infratentorial region with DIR or FLAIR (p = 0.802). The statistical comparisons between the different groups are shown in Table 3 .
There was a significant correlation between the number of periventricular white matter lesions in the T2-weighted images and the EDSS scores (r = 0.463, p = 0.006). In addition, there was a significant correlation between the number of lesions detected with DIR in the juxtacortical and periventricular white mat-
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Discussion
This study obtained brain imaging sequences of patients with MS using both conventional (T2, FLAIR) and DIR. We investigated the number of lesions with each sequence and the relationship between the number of lesions in each sequence and the EDSS scores.
Interestingly, only a few previous studies have examined this topic and have reported contrasting results. Moraal et al. 20 compared the lesion burden detected with DIR, FLAIR and T2-weighted imaging and found that the highest number of intracortical lesions was de-ter and the EDSS scores (r = 0.398; p = 0.02; r = 0.465, p = 0.006, respectively). Although a significant correlation was detected between the total number of lesions in the T2 images and the EDSS scores (r = 0.383, p = 0.025), no significant correlation was detected between the total number of lesions in the FLAIR images and the EDSS scores or between the total number of lesions in the DIR images and the EDSS scores. The relationships between the number of lesions in the seven different locations for each sequence and the EDSS scores as well as the total number of lesions and the EDSS scores are shown in Table 2 . tected with DIR. In addition, they suggested that the number of intracortical lesions detected using both DIR and FLAIR techniques was significantly higher, but they did not detect a significant difference between the DIR and FLAIR images. Our study found a higher number of intracortical lesions detected with DIR compared to both FLAIR and T2. In line with with our study, Geurts et al. 18 There was a significant correlation between the number of ICLs and the EDSS scores. Moreover, there was also a significant association between ICLs and male gender. Our study only found a significant correlation between juxtacortical lesions and the EDSS scores. Calabrese et al. 24 also indicated that grey matter (i.e., cortical) lesions showed different inflammatory characteristics from white matter lesions and that these lesions resolved faster and displayed active remyelination that stabilized over time.
In addition, they indicated that grey matter damage may contribute to the development of disability. It is well-established that ICLs are more easily detected in postmortem tissues by immunohistological examination, although very few of these lesions may be revealed using conventional MRI sequences. The employment of DIR sequences should not be omitted in the detection of intracortical lesions. Although this sequence shows fewer ICLs than immunohistological methods, the sensitivity of DIR may provide additional biological information, which cannot be obtained through ex vivo investigations. Moraal et al. 20 also reported the ability to detect the highest number of juxtacortical lesions with T2-weighted images and the detection of the lowest number of lesions with DIR images. However, there were no statistically significant differences between these two groups. Geurts et al. 18 reported the detection of the highest number of juxtacortical lesions with T2 and the detection of the lowest number of lesions with FLAIR. In our study, we visualized the highest number of juxtacortically located lesions with FLAIR images and the lowest number with T2, but no significant difference between the number of lesions obtained with DIR and FLAIR was observed, although DIR detected significantly more lesions than T2. Moreover, Wattjes et al. 19 reported that the highest number of juxtacortical lesions was detected with FLAIR and that the lowest number was detected with T2 sequences. There was no statistically significant difference between DIR and FLAIR or T2. Although our results are consistent with the findings of Wattjes et al. 19 , we also reveal that DIR detected significantly more lesions than T2.
Moraal et al. 20 reported the detection of the highest number of mixed white matter-grey matter lesions with DIR and no differences between the detection of the mixed white mattergrey matter lesion burden with DIR and FLAIR. However, the number of lesions detected using these two methods was significantly higher than that revealed with T2-weighted images. In a study conducted by Geurts et al. 18 , the highest number of mixed white matter-grey matter lesions was found with DIR; the lowest, with T2. In line with with this study, we also detected the highest number of mixed white matter-grey matter lesions with DIR sequences; the number of lesions detected was significantly higher with DIR than with T2 or FLAIR. Wattjes et al. 19 also found that DIR visualized the highest number of mixed white matter-grey matter lesions and that T2 revealed the lowest number, but no statistically significant difference in the number of lesions was detected with either DIR and FLAIR or DIR and T2. We detected 57 lesions with DIR, two lesions with FLAIR and seven lesions with T2. Moraal et al. 20 also detected the highest number of lesions with DIR, which was significantly higher than that visualized with T2. However, in their study, the number of lesions detected with FLAIR was lower than that detected by T2.
Three-dimensional DIR imaging has a few advantages, including higher sensitivity for intracortical lesions and an enhanced ability to discriminate between mixed white matter-grey matter, juxtracortical and pure intracortical lesions. Although T2-weighted MRI is a sensitive technique, the discrimination between these three lesion types may prove difficult with T2. Our study found a significantly higher number number of lesions detected was significantly higher with FLAIR and T2 than with DIR.
Geurts et al. 18 reported a higher number of deep grey matter lesions detected with DIR compared to those detected with both FLAIR and T2 sequences. Moraal et al. 20 reported no significant differences between the number of deep grey matter lesions visualized with DIR, FLAIR or T2 images. Our study also failed to find a significant difference between these sequences in the detection of deep grey matter lesions.
Moraal et al. 20 found a similar number of lesions in the infratentorial region with DIR, FLAIR and T2 images. Geurts et al. 18 reported the detection of more lesions with DIR in the infratentorial region compared to both T2 and FLAIR. Wattjes et al. 19 detected the highest number of infratentorial lesions with DIR and the lowest with FLAIR and found a statistically significant difference in the number of lesions detected between DIR and FLAIR and between DIR and T2. However, our findings were not similar to any of the above-mentioned studies. Wattjes et al. 19 suggested that the infratentorial lesion burden had an important prognostic value in determining long-term disability. Previous studies have indicated that a short echo duration in DIR sequences may decrease sensitivity in the detection of lesions. In addition, DIR sequences may be affected by current artifacts, which may lead to misclassification of some actual lesions as artifacts. This may be due to differences in the detection of infratentorial lesions with DIR.
Moraal et al. 20 also reported the detection of the highest number of lesions with FLAIR and the lowest number with T2 compared with the total lesion burden determined by DIR, FLAIR and T2-weighted imaging. In addition, no significant differences were found between DIR and FLAIR and between DIR and T2, although significant differences were observed between FLAIR and T2. Furthermore, Geurts et al. (18) found that the total number of lesions detected was higher for DIR than for FLAIR or T2. In addition, Wattjes et al. 19 revealed that the highest number of lesions was detected with DIR and that the lowest was detected with T2, and a statistically significant difference in the number of lesions detected was observed between DIR and FLAIR and between DIR and T2. We detected the highest number of lesions with DIR and FLAIR and the lowest number with T2 sequences. However, we did not find a significant difference in the number of lesions of both juxtacortical and mixed white matter-grey matter lesions with DIR. Although DIR is superior to T2 within these two regions, 89.1% of the total number of lesions in these three regions were found to be juxtacortical, and 3.3% of the lesions were observed in the mixed white matter-grey matter. In comparison, with DIR, these percentages were 40.2% and 8.4%, respectively. These results suggest that some of the lesions, which were assessed as juxtacortical with T2, may be classified as mixed lesions with DIR. Because the difference in contrast between the white and grey matter is minimal, it is difficult to differentiate mixed white matter-grey matter lesions from purely intracortical or juxtacortical lesions. The contrast obtained with 3D DIR sequences is thought to be sensitive in its ability to identify cortical lesions. Although DIR is sensitive, Calabrese et al. 24 reported that DIR detected a lower number of cortical lesions compared with histopathological methods and may have specifically missed subpial lesions. Furthermore, DIR sequences may be affected by current artifacts, which mask its ability to visualize the lesions.
Moraal et al. 20 also reported that the highest number of lesions was detected with FLAIR images in the periventricular white matter region and that no significant difference was observed between FLAIR and DIR. However, both DIR and FLAIR revealed more lesions than T2-weighted images. In contrast, Geurts et al. 18 and Wattjes et al. 19 reported the ability to visualize the highest number of periventricular lesions with DIR. Our study detected the highest number of periventricular lesions with FLAIR and found that DIR did not detect more lesions than T2.
Moraal et al. 20 found the highest number of lesions and a statistically significant difference in the deep white matter with FLAIR and the lowest number with DIR. However, they did not report a significant difference between T2 and DIR within this region. Geurts et al. 18 reported the highest number of deep white matter lesions with FLAIR and the lowest number with T2. Wattjes et al. 19 also reported visualization of the highest number of deep white matter lesions with FLAIR, equal numbers with DIR and T2, and no statistically significant differences in the number of lesions detected between DIR and FLAIR or between DIR and T2. Similarly, we detected the highest number of lesions with FLAIR and the lowest number with DIR. Furthermore, we also found that the the lesion numbers detected with FLAIR sequences in seven anatomical regions and the EDSS scores. Of the total number of lesions, a significant correlation with the EDSS scores was found only with the number of cerebral T2 lesions. Thus, the absence of a correlation between the total DIR lesion burden and the EDSS scores may have resulted because 51% of all lesions detected with 3D DIR were classified as cortical and the EDSS, which primarily measures ambulatory capacity, was limited in evaluating cortical function.
Histopathological studies have also demonstrated generalized myelin and axonal involvement in MS, in addition to the lesion regions detected with both DIR and non-conventional MRI sequences. From this perspective, studies investigating only the correlation between the lesion burden and disability, such as our study, are a priori insufficient. Thus, the EDSS would be useful in the primary detection of disability, although it has its limitations.
Taken together, we found that the DIR technique is more sensitive in the detection of a higher number of lesions in patients with MS, the enhancement of imaging these lesions, and the determination of their anatomical localizations compared with conventional MRI techniques (T2, FLAIR). Although we disclosed a significant correlation between the lesions in a few anatomical locations and the EDSS scores, we were unable to find a significant correlation between the total lesion burden and the EDSS scores. Therefore, the DIR technique may be used in routine application to visualize lesions in patients with MS in order to develop practical batteries of tests to detect cognitive losses not readily observed in EDSS scores and are thus frequently missed, which may increase patients' physical disability.
Conclusion
DIR brain imaging had the highest sensitivity in the detection of cortical and mixed white matter-grey matter lesions compared with FLAIR and T2 sequences. In addition, the lesions observed with DIR images were more easily visualized. detected between DIR and FLAIR and between DIR and T2. These results are consistent with those obtained by Moraal et al. but differ from the results of Wattjes et al. 19 .
Neema et al. 25 conducted a study with 97 MS patients and reported a significant association between the hypointensity of deep grey matter and the progression of disability. However, they were unable to find a significant association between the global hyperintense lesion number and clinical progression. This finding suggests that the neurodegenerative and destructive aspects of MS, which include involvement of the deep grey matter, may have a closer association with disability compared with white matter inflammation and demyelination. Furthermore, the T2 hyperintense lesions are insufficient to fully account for the underlying pathology observed in MS and the disclosure of the clinically related but diffuse occult disease.
In a study conducted by Ciccarelli et al. 26 , the lesion burden detected with FLAIR was 34% greater than that obtained with T2, which resulted in a mild correlation with the EDSS scores. However, this correlation was not more robust than the mild correlation detected between T2 and the EDSS scores.
Calabrese et al. 27 also reported a positive correlation between the intracortical lesion number and EDSS scores with the DIR technique. They found that the number and volume of cortical lesions were higher in patients who showed clinical deterioration in the follow-up evaluation compared to the patients who did not. In addition, they reported a correlation between cortical lesion volume and both the EDSS scores and change in EDSS scores over time.
Our study examined the relationships between EDSS scores and the lesion numbers detected in seven anatomical regions with DIR, FLAIR and T2 sequences. We found a positive correlation between the number of lesions detected with DIR in the juxtacortical and periventricular white matter regions and the EDSS scores. However, a correlation was only found between the periventricular white matter lesions detected with T2 and the EDSS scores. We were unable to find a correlation between
